The normal-pressure (NP) orthorhombic TiNiSi-type (space group Pnma) stannides RENiSn (RE = Ce, Pr, Nd, Sm) and REPdSn (RE = La, Pr, Nd) were transformed into the corresponding hexagonal ZrNiAl-type (space group P62m) high-pressure (HP) modifications under multianvil high-pressure (7.5 -11.5 GPa) high-temperature (1100 -1200 • C) conditions. The structures of NP-CeNiSn, HPPrNiSn, NP-NdNiSn, HP-LaPdSn, HP-PrPdSn, and HP-NdPdSn were refined from single crystal X-ray diffractometer data. Structural data for HP-SmNiSn were obtained from a Rietveld powder refinement. The high-pressure phase transition significantly changes the rare earth coordination, i. e. 4 RE + 6 Ni(Pd) + 6 Sn atoms for the NP-phases and 6 RE + 5 Ni(Pd) + 6 Sn atoms for the HPphases. Susceptibility measurements of HP-PrPdSn and HP-NdPdSn reveal paramagnetic behavior with experimental magnetic moments of 3.61(1) µ B /Pr atom and 3.66(1) µ B /Nd atom, respectively. Low-temperature susceptibility and specific heat data point to inhomogeneous magnetism and spinglass behavior, respectively.
Introduction
Equiatomic rare earth (RE)-transition metal (T )-X (X = element of the 3 rd , 4 th , or 5 th main group) compounds have intensively been investigated in the last forty years with respect to their greatly varying magnetic and electrical properties. These compounds crystallize with more than 30 different structure types [1 -3] , most of them derived from the aristotype AlB 2 [4] . In several series RETX, the structure type changes as a function of the size of the rare earth element (lanthanide contraction). Often, for one or two of the RETX compounds close to the switch in structure type, one observes temperature driven dimorphism. Prominent examples are the low-(LT) and high-temperature (HT) modifications of HoAuSn [5] , ErAuSn [6] , ErPdSn and TmPdSn [7] , TmAgSn [8] , LuAgSn [9] , or CePdAl [10] .
The transition from the high-into the lowtemperature phase can be realized for the slightly 0932-0776 / 08 / 0600-0695 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com larger rare earth elements by simultaneously applying high-pressure (HP) and high-temperature (HT). This was recently demonstrated for the stannides REPtSn (RE = La-Nd, Sm) [11 -13] , CePdSn [14] , and ErAgSn [15] . The phase transition drastically changes the local coordination of the rare earth element and thus strongly influences the magnetic ground state. To give an example, the magnetic ordering temperature of the normal-pressure (NP) phases of CePdSn (T N = 7.5 K) [16] and CePtSn (T N = 8 K) [11, and refs. therein] drop to T N = 5 and 2.1 K for HP-CePdSn [14] and HP-CePtSn [17] , respectively.
We have extended these high-pressure/high-temperature investigations with respect to the RENiSn and REPdSn series. While the RENiSn stannides [18] crystallize all with the orthorhombic TiNiSi type [19] , the REPdSn stannides [7, 18] show a switch in the structure type. ErPdSn, TmPdSn [7] , and YbPdSn [20, 21] have a ZrNiAl-type [22, and refs . therein] lowtemperature modification. Herein, we report on high- Table 1 . Experimental details of the high-pressure/high-temperature experiments for the RETSn (RE = La, Pr, Nd, Sm; T = Ni, Pd) samples. : increase of temperature in x min, →: constant temperature for x min, : decrease of temperature in x min, ↓: quenching of the sample to room temperature. Table 2 . Lattice parameters of the normal-and high-pressure modifications of RETSn (RE = La, Pr, Nd, Sm; T = Ni, Pd). pressure/high-temperature experiments and investigations of some of the properties of compounds RENiSn (RE = Ce, Pr, Nd, Sm) and REPdSn (RE = La, Pr, Nd).
Experimental Section

Synthesis
Starting materials for the synthesis of the RENiSn and REPdSn stannides were ingots of the rare earth metals (Johnson-Matthey or smart elements), nickel wire (∅ 0.38 mm, Johnson-Matthey), palladium powder (Degussa-Hüls, 200 mesh, > 99.9 %), and tin granules (Merck), all with stated purities better than 99.9 %. Pieces of the rare earth ingots were first arc-melted [23] to small buttons under an argon atmosphere. The argon was purified before with molecular sieves, silica gel, and titanium sponge (900 K). Subsequently the rare earth buttons, pieces of the nickel wire or cold-pressed pellets (∅ 6 mm) of palladium and pieces of the tin granules were arc-melted. The samples were remelted three times to ensure homogeneity. CeNiSn and the palladium containing stannides were obtained in X-ray pure form already after the arc-melting procedure. The RENiSn (RE = Pr, Nd, Sm) buttons were sealed in evacuated silica tubes and annealed at 1070 K for three days. All polycrystalline samples are stable in air over weeks. 
High-pressure/high-temperature treatment
The high-pressure/high-temperature treatment took place via a multianvil assembly. Details about the technique and the construction of the different assemblies can be found in several references [24 -27] . Boron nitride crucibles were loaded with carefully milled samples of NP-RENiSn or NPREPdSn, compressed within several hours to a pressure of 7.5 -11.5 GPa and then heated to temperatures between 1100 and 1200 • C. After holding the corresponding temperature for several minutes, the samples were quenched or cooled down to temperatures between 700 and 900 • C within a minute. Subsequent annealing under pressure at elevated temperatures for several hours enhanced the crystallinity of the samples followed by quenching to r. t. Table 1 gives a compilation of the exact synthesis conditions and temperature programs of the various high-pressure experiments. After decompression, the samples were carefully separated from the surrounding assembly parts.
The polycrystalline samples are silvery with metallic lustre. Powdered samples of both modifications are dark grey.
EDX data
Semiquantitative EDX analyses on the crystals investigated on the diffractometer were carried out by use of a Leica 420i scanning electron microscope with the rare earth trifluorides, CeO 2 , nickel, palladium, and tin as standards. The experimentally observed compositions were close to the equiatomic ones. No impurity elements heavier than sodium (detection limit of the instrument) were found.
X-Ray diffraction
The polycrystalline samples of the normal-and highpressure phases were characterized through X-ray powder Table 3 . X-Ray powder data (CuK α1 , λ = 1.54051Å) and structure refinement for HP-SmNiSn (P62m, Z = 3). diffraction (Guinier technique, imaging plate detector, Fujifilm BAS-1800) using CuK α1 radiation and α-quartz (a = 491.30 and c = 540.46 pm) as an internal standard. The lattice parameters (Table 2 ) of all modifications were refined from the powder data by a least-squares routine. The proper indexing was ensured by intensity calculations [28] . X-Ray powder data for Rietveld refinement ( Fig. 1 and Table 3 ) of HP-SmNiSn were collected in transmission geometry at r. t. on a Huber Guinier powder diffractometer (G670 Huber Diffraktionstechnik GmbH & Co. KG) with quartz-monochromatized CuK α1 radiation (λ = 154.06 pm) in the range 20 ≤ 2θ ≤ 82 • .
Single crystals of NP-CeNiSn, NP-NdNiSn, HP-PrNiSn, HP-LaPdSn, HP-PrPdSn, and HP-NdPdSn were selected from the samples by mechanical fragmentation, and their quality was checked by Laue photographs on a Buerger Table 4 . Crystal data and structure refinement for NP-CeNiSn, NP-NdNiSn and HP-PrNiSn at r. camera using white Mo radiation. Intensity data of HPPrNiSn and NP-NdNiSn were collected at r. t. by use of a four-circle diffractometer (CAD4) with graphitemonochromatized AgK α radiation and a scintillation counter with pulse-height discrimination. The scans were taken in the ω/2θ mode, and empirical absorption corrections were applied on the basis of ψ-scan data, accompanied by spherical absorption corrections. Single crystals of NP-CeNiSn, HP-PrPdSn, and HP-NdPdSn were measured at r. t. by use of a Stoe IPDS-II imaging plate diffractometer in oscillation mode (graphite-monochromatized MoK α radiation). Numerical absorption corrections were applied to the data sets. Data of the HP-LaPdSn crystal were collected on a Kappa CCD diffractometer (Bruker AXS/Nonius, Karlsruhe, Germany) equipped with a rotating anode and graphitemonochromatized MoK α radiation (λ = 71.07 pm). A multiscan absorption correction was applied to this data set. All relevant details concerning the data collections and evaluations are listed in Tables 4 and 5 .
Structure refinements
The isotypy of the normal-pressure modifications with the orthorhombic TiNiSi (space group Pnma) [19] and of the high-pressure modifications with the hexagonal ZrNiAl type (space group P62m) [22, and refs . therein] was already evident from the Guinier patterns, in agreement with previous investigations on the REPtSn series [11 -13] . Results of careful evaluations of the data sets were compatible with these space groups, and the atomic parameters of NP-and HP-CePtSn [11] were taken as starting values. The structures were refined using SHELXL-97 [29] (full-matrix leastsquares refinement on F 2 ) with anisotropic displacement parameters for all atoms. As a check for possible mixed occupied sites, all occupancy parameters were refined in separate series of least-squares cycles. Because all sites were fully occupied within two standard deviations, the ideal occupancies were assumed again in the final refinement cycles. Refinement of the correct absolute structures of the hexagonal phases was ensured through calculation of the Flack parameter [30, 31] . The final difference Fourier syntheses were flat (Tables 4 and 5 ). The positional parameters and interatomic distances (exemplarily for NP-CeNiSn and HP-PrNiSn) are listed in Tables 6 and 7 .
The HP-PrNiSn crystal showed slightly enhanced U 22 and U 33 parameters for the Pr and Ni2 positions, respectively. This anisotropy is a hint for superstructure formation (deformation of the rare earth prisms), similar to HfRhSn [32] , ScPdSn [33] , and ScPtSn [34] . Critical reinvestigation of the crystal on the image plate diffractometer, however, revealed no superstructure reflections, that would re- 
Physical property measurements
The magnetic and heat capacity measurements were carried out on a Quantum Design Physical Property Measurement System (PPMS) using ac-, dc-MS and heat capacity options, respectively. For dc measurements, HP-PrPdSn and HP-NdPdSn samples were packed in kapton foil and attached to the sample holder rod of a VSM for measuring the magnetic properties in the temperature range 3 -305 K with magnetic flux densities up to 80 kOe. For ac-MS measurements HP-NdPdSn was enclosed in a thin-walled gelatin capsule. For heat capacity (C P ) measurements (2.1 -30 K) the samples were fixed to the platform of a precalibrated heat capacity puck using Apiezon N grease.
Discussion
Crystal chemistry
The series of RENiSn and REPdSn compounds with the early rare earth elements have been studied in highpressure and high-temperature treatments. Similar to the REPtSn stannnides reported recently [11 -13] , we Fig. 2 . Plot of the cell volumes of the orthorhombic normaland hexagonal high-pressure modifications of RENiSn and REPdSn. For better comparison we plot the volumes per formula unit. Table 6 . Atomic coordinates and anisotropic displacement parameters (pm 2 ) for NP-CeNiSn, NP-NdNiSn and HP-RETSn (RE = La, Pr, Nd, Sm; T = Ni, Pd). U eq is defined as one third of the trace of the orthogonalized U ij tensor. The anisotropic displacement factor exponent takes the form −2π 2 (Fig. 2) is smaller for the high-pressure phases. With respect to the physical properties, CeNiSn is the most popular compound in the family of RENiSn stannides. So far 219 entries occur in the current SciFinder Scholar version [35] . CeNiSn is interesting, because it is an anomalous valence-fluctuating compound having no magnetic order but instead a pseudoenergy gap at the Fermi level. Therefore, it was highly desirable to investigate the high-pressure modification. However, we obtained CeNiSn only as a two-phase sample with NP-CeNiSn and HP-CeNiSn in almost equal amounts. At the most extreme HP/HT conditions CeNiSn decomposes mainly into CeNi 2 Sn 2 . The cell volume of HP-CeNiSn (Table 2) is smaller than that of NP-CeNiSn, and we can thus expect predominantly tetravalent cerium for the high-pressure modification.
The CeNiSn structure had been refined in the noncentrosymmetric space group Pna2 1 [36] . However, our present single crystal data clearly prove that there is no violation of the mirror planes at y = 1/4 and y = 3/4, and that the centrosymmetric description is adequate, similar to CePdSn [14] and CePtSn [11] .
Due to the reconstructive phase transition from the TiNiSi to the ZrNiAl type, the near-neighbor coordination of the rare earth atoms changes drastically. As an example, we present the cerium and neodymium co- ordinations in NP-CeNiSn and HP-NdPdSn in Fig. 3 . This change in near-neighbor coordination (different RE-RE and RE-T distances) is responsible for the different magnetic behavior of the NP-and HP-phases. The crystal chemical peculiarities of the RENiSn and REPdSn stannides discussed herein are similar to those of the REPtSn series. For further details, additional drawings, and an evaluation of chemical bonding, we refer to our previous work [11 -13] .
Physical properties of HP-PrPdSn and HP-NdPdSn
HP-PrPdSn
The magnetic behavior of NP-PrPdSn had been studied on polycrystalline samples [7, 37, 41] . Sakurai et al. reported a Néel temperature for NP-PrPdSn of T N = 3.5 K [41] . More detailed studies by Zygmunt et al. showed that NP-PrPdSn orders antiferromagnetically at T N = 4.3 K [37] . In Fig. 4 , we present the dc (χ) and χ −1 (T ) values of HP-PrPdSn measured in an applied dc field of 10 kOe. The susceptibility χ(T ) increases monotonously with decreasing temperature, as expected for a paramagnet. HP-PrPdSn shows CurieWeiss behavior. Fitting of the experimental data in the temperature region 50 -300 K revealed an effective magnetic moment of µ eff = 3.61(1) µ B /Pr atom and a Weiss constant θ P = −8.9(5) K. The observed value is close to the value of 3.58 µ B expected for a free Pr 3+ ion. The negative value of θ P indicates antiferromagnetic interactions. NP-PrPdSn showed comparable values for µ eff and θ P [7, 37] . The dc χ(T ) measurement of HP-PrPdSn at 10 kOe gave no hint for magnetic ordering. An anomaly at around 3 K is clearly visible in the χ(T ) curve measured at low field of 100 Oe (Fig. 5) . The χ(T ) data measured in ZFC and FC state of the sample do not bifurcate and are the same within the experimental errors. To probe any response of this anomaly to the dc field, we have measured χ(T ) of HP-PrPdSn at different applied fields and plotted these data in Fig. 6 . This Figure clearly shows the field dependence of the susceptibility. The moment values decrease with increasing field. The drop in χ(T ), ob- served at 100 Oe, also vanishes with increasing field. The overlap of the ZFC-FC curves rules out any spinglass anomalies. Therefore, the origin of the anomaly can be due to short range magnetic ordering arising due to inhomogeneous magnetism (see below).
The magnetization in the ZFC state of HP-PrPdSn (Fig. 7) varies in an almost linear fashion at 20 and 50 K as expected for a paramagnetic material. At 5 and 10 K the curvature becomes more pronounced, the isotherms increase non-linearly with increasing H, the sample thus behaving as an antiferromagnet without saturation up to 80 kOe. The moment value at 80 kOe and 5 K is 1.17 µ B /Pr atom, ca. 37 % of the maximum possible value of g J × J = 3.20 µ B for Pr 3+ . Such reduced magnetization values often occur in intermetallic praseodymium compounds and can be attributed to crystal field splitting of the J = 4 ground state of Pr 3+ and have also been observed for other equiatomic praseodymium intermetallics, e. g. PrRhSn [42] and PrRhZn [43] .
In Fig. 8 the specific heat (C P ) data are plotted for HP-PrPdSn. The anomalies observed in the magnetic measurements can also be seen for C P in the form of a broad peak around 5 K. The absence of any clear peak is indicative of inhomogeneous magnetism in HP-PrPdSn. Thus, the C P data are in line with the susceptibility data. In the low temperature region, above the broad peak, the specific heat is of the form C P = γT + β T 3 , where γ is the electronic contribution and β is the lattice contribution. The Debye temperature, Θ D , can be estimated from the equation
, where k B is the Boltzmann constant and n is the number of atoms per formula unit. From the plot of C P /T vs. T 2 in the temperature 
HP-NdPdSn
The magnetic behavior of NP-NdPdSn had been studied on polycrystalline samples [7, 37, 41] . This value is much higher than the value expected for a free Nd 3+ ion.
The dc susceptibility for HP-NdPdSn measured at 10 kOe in ZFC state is shown in Fig. 4 . χ exhibits an upturn below 50 K, with no peak at lower temperatures. The inverse susceptibility follows CurieWeiss behavior above 50 K. From the Curie-Weiss fit of the linear region, θ P and µ eff for HP-NdPdSn are −8.6(1) K and 3.66(1) µ B /Nd atom, respectively. The µ eff value obtained experimentally is in close agreement with the value for the free Nd 3+ ion (3.62 µ B ). The negative sign of θ P indicates that the interaction is of antiferromagnetic type.
The ZFC-FC curves for χ(T ) measured in H = 100 and 500 Oe are shown in Fig. 5 . For χ(T ) measured in low field of 100 Oe, we see a prominent peak around 5.8 K in the ZFC measurement. The FC curve bifurcates from ZFC at this point, and increases at lower temperatures. This is a typical feature of spin glasses. We refer to this temperature as T f or freezing temperature of spin glasses [44] . However, the peak smears out with application of higher magnetic fields, which is evident from the measurement with an applied field of 500 Oe. A freezing temperature is not seen in the ZFC-FC curves for the χ(T ) measured in 1 kOe field (measurement is not shown here), as this field strength is large enough to entirely smear out the peak.
The magnetizations as a function of the applied magnetic field at different temperatures spanning T f of HP-NdPdSn are shown in Fig. 7 . The magnetization for T = 25 and 50 K increases linearly, as expected for a paramagnetic material. No traces of any ferromagnetic impurity or interactions could be observed. The M(H) at 5 K (T < T f ) increases with increasing field with a tendency to saturate at higher fields. The value of magnetization at 80 kOe and 5 K is about 1.3 µ B /Nd atom, corresponding to 40 % of the moment for the free Nd 3+ ion. In order to probe these features, we have also measured low field hysteresis in field ramping up to ±10 kOe. The M(H) loops are shown in Fig. 9 . The sample was cooled to T < T f in zero field state, and then the field was swept slowly. A small hysteresis could be seen at low fields (< 3 kOe, 4 K) while sweeping the field in positive and negative directions. At 20 K (i. e., T > T f ) there is no such effect. These signatures of a spin glass are an interesting observation considering the fact that HP-NdPdSn is stoichiometric, and the spin glass anomalies arise presumably due to geometrical frustration (triangular arrangement of the neodymium atoms) as frequently observed in ZrNiAl type intermetallics [45] . Similar behavior was found in the system NP-NdPtSn vs. HP-NdPtSn [12] .
The frequency dependence of ac χ for HP-NdPdSn is shown in Fig. 10 . For ν = 41 Hz, a broad peak around 5.6 K is seen, which shifts to higher temperatures with increasing frequency. The shift in temperature, though broadened, can be clearly seen when moving from ν = 41 Hz to 9999 Hz. As observed in metallic spin glasses, the peak height decreases while moving to higher temperatures with increasing frequency. The maximum observed for ν = 41 Hz shifts down by about 1 % for ν = 9999 Hz. Spin glasses exhibit a sudden onset in χ near T f . HP-NdPdSn also exhibits a peak in χ around T f . The appearance of a peak in χ (absorption) means that the relaxation processes are affecting the behavior, and by decoupling the spins from the lattice they cause the absorption [44] . Also the ratio of the change in peak temperature in χ to the change of the frequency given by (∆T f /T f ) ∆(ln ν) is observed to be of the order of 0.01, comparable to ideal spin glasses [46, 47] . The magnetization of a spin glass in a frozen state reacts to the externally applied field over a period of time. Therefore, in order to verify the spin-glass behavior for HP-NdPdSn exhibited in ac χ and magnetization measurements, we measured the isothermal relaxation magnetization (M IRM ) at 4 K. After zero field cooling of the sample a field of 5 kOe was applied for five minutes and then reduced to zero. For a period of 2400 seconds the M IRM was measured as soon as the field reached zero (Fig. 11) . The M IRM decays logarithmically over the entire duration of the measurement and can be fitted to a function of the type M IRM = P1 − P2 log(t) where P1 = 0.04468 and P2 = 0.00381 are two fitting parameters, which depend upon the tem-perature, waiting time and relaxation rate in 'dynamical equilibrium', similar to HP-NdPtSn [12] .
The spin-glass behavior of HP-NdPdSn can be better understood by analyzing the ac χ in greater detail. The shift of T f with frequency can be understood by the Vogel-Fulcher (V-F) law given by
where ν is the driving frequency, ν 0 is the characteristic spin glass frequency (∼ 10 8 Hz for ideal spin glasses), E a is the activation energy and T a is called the ideal spin-glass temperature, which gives the strength of interaction among the clusters [44, 46] . Therefore, for a spin-glass system the plot of T f vs. 1/ ln(ν 0 /ν) should be a straight line. Fig. 12 shows the V-F law fitting to the observed data, which establishes that HPNdPdSn is indeed a spin-glass system. From the linear fit, we can deduce the values of T a = 5.1 K and E a /k B = 8.38.
Focusing on the C P (T ) of HP-NdPdSn in Fig. 5 , the C P data give no hint of magnetic ordering. Normally, spin glasses show a broad feature around T f which smears out with application of a magnetic field. This was not observed in the case of HP-NdPdSn and can be due to a hardly stressed electronic system. From the linear fit of the plot C P /T vs. T 2 in the low-temperature region (between 7 -16 K), we find the values: γ = 598 mJ K −2 mol −1 , β = 0.90 mJ K −4 mol −1 and Θ D = 186 K. However, the dc and ac susceptibility results verify the spin-glass features in the HP-NdPdSn system.
